Fishery, market and consumption of edible jellyfish are currently limited in western countries by the lack of market demand for jellyfish products and the absence of processing technologies adequate to the western market safety standards. The development of technology-driven processing protocols may be key to comply with rigorous food safety rules, overcome the lack of tradition and revert the neophobic perception of jellyfish as food. We show thermal treatment (100 °C, 10 min) can be used as a first stabilization step on three common Mediterranean jellyfish, the scyphomedusae Aurelia coerulea, Cotylorhiza tuberculata, Rhizostoma pulmo, differently affecting protein and phenolic contents of their main body parts. The antioxidant activity was assessed in thermally treated and untreated samples, as related to the functional and health value of the food. Heat treatment had mild effect on protein and phenolic contents and on antioxidant activity. The jellyfish Rhizostoma pulmo, showed the better performance after thermal treatment.
Introduction
A growing number of reports focuses on world jellyfish fishery and on the perspective for a wide use of jellyfish as food (herein jellyfish is referred as the pelagic phase of marine cnidarians belonging to the class Scyphozoa) [1] . Edible jellyfish harvesting and consumption is popular in China Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s0021 7-019-03248 -6) contains supplementary material, which is available to authorized users. [2] and across the whole South East Asia [3, 4] , based on the exploitation of several jellyfish species belonging to the order Rhizostomae characterized by the considerable stiffness and consistency of their extracellular proteinaceous mesoglea. This makes species such as Rhopilema esculentum, Catostylus mosaicus, Nemopilema nomurai, Stomolophus spp. particularly appreciated as valuable and healthy food following a long-standing tradition.
Recently, jellyfish fisheries successfully developed in the Americas with new jellyfish species being exported to the main consumer countries [2, [5] [6] [7] . The Food and Agriculture Organization of the United Nations (FAO) statistics [8] on global production of all edible jellyfish products (live, fresh, chilled, frozen, dried, salted or in brine) in the period 2011-2015 was estimated around 10,000-17,000 tons/year with a growing business trend of about 20-100 million USD, and a stable market value at about 2500 USD/ton [8] . However, the FAO statistics resulted clearly underestimating in case of jellyfish, indeed, the China Fishery Statistical Yearbook of 2017 [9] reported near 280,000 tons of edible jellyfish production in China only, in the years 2015-2016. Fishery, market and consumption of jellyfish are currently limited in western countries by the lack of market demand for jellyfish products and the absence of processing technologies adequate to the western market safety standards. In Europe, the lack of tradition for edible jellyfish and the presence of strict food safety criteria made the official market of jellyfish food still absent. Recently, the new European regulation on novel food [10] together with the biochemical characterization and identification of bioactive properties of some Mediterranean jellyfish species [11] [12] [13] paved the way to the potential use of western jellyfish as food. Major gaps to the development of the commercial exploitation of jellyfish in western countries include the lack of knowledge on fishery methods, handling and first-stabilization protocols. Secondly, jellyfish as food is not familiar to most of western consumers and it is negatively perceived. Therefore, new opportunities for expanding jellyfish food uses in western countries will rely on the development of new processing technologies and of market demand, which in turn will depend on increased knowledge of jellyfish as food raw material and from its public perception, respectively.
Edible jellyfish are poorly characterized for their nutritional qualities, and the different methodologies used make still difficult to compare different species and products.
The entirety of marketed jellyfish products ( Fig. 1 ) is made by the traditional Chinese processing method based on alum-salt dehydration, and the jellyfish products are typically consumed after desalting and rehydration in salads or after cooking [4, 6, [14] [15] [16] . Alum, as brine component, reduces pH, acts as an antiseptic and maintains the firm texture by precipitating proteins [4] . This traditional method preserve jellyfish leading to a typical product responding to the sensory parameters (color, texture, and overall acceptability) requested by Asiatic consumers [16] . However, edible jellyfish tissues treated with alum may retain alarming amounts of aluminum [17] [18] [19] , which is known to be responsible of a number of negative effects on human health, including Alzheimer's disease [18] .
No alternative processing method is officially adopted worldwide for dehydration of edible jellyfish, although the microbiological stability, the sensory and chemical analysis of a microwave cooked Catostylus tagi umbrella was recently investigated [20] . Due to the high moisture and rapid perishability of the raw material, a quick stabilizing process is required to drastically reduce the water content and water activity and to maintain tissue firmness, which is related to structural changes of collagen, the dominant protein component of jellyfish. In this framework, denaturation is an irreversible kinetic process, which leads collagen molecules to lose their structural organization, resulting in random coiled polymeric chains. Denaturation can be promoted by chemical or thermal-treatments [21] and, regardless of the underlying molecular mechanisms, heatdenaturation causes collagen to both shrink and dehydrate [22] . Thermal processing is usually applied to raw food prior the consumption or during processing to kill or inactivate bacteria, increase the shelf-life, or improve organoleptic The jellyfish are processed by the traditional Chinese method based on alum-salt dehydration and sold as canned in brine product (a), semi-dried (b) or dry-salted (c). Photos: Antonella Leone characteristics and sensory appeal of the food. High-protein foods are often processed by heat-based methods [23] and heat treatment of protein-rich, solid raw material is largely studied in food processing [24, 25] . In general, thermal treatment induces changes in the 3D structure of food proteins, including color, tenderness, and gelation modifications. So far, thermal processing has not yet been considered for fresh edible jellyfish, and there is no available information on processing methods for Mediterranean jellyfish.
Due the growing awareness of health-related benefits associated to functional food consumption, a successful innovation in food processing technology aim to preserve the healthy properties of the foods. Jellyfish is regarded as healthy food in the Chinese cuisine, traditional Chinese medicine and food therapy [4, 14, 26] ; however, the health impact of this traditional food has not yet been adequately investigated by modern quantitative and rigorous scientific research.
Several peptides from protein foods or ingredients, including seafood by-products [27] and jellyfish [12, 13, [28] [29] [30] [31] [32] [33] [34] [35] have been found to possess antioxidant capacity and they can contribute to the endogenous antioxidant capacity of foods. Proteins also have excellent potential as antioxidant additives in foods because they can inhibit lipid oxidation through multiple pathways including inactivation of reactive oxygen species, scavenging free radicals, chelation of prooxidative transition metals, reduction of hydroperoxides, and alteration of the physical properties of food systems [36, 37] . Similarly, although not considered nutrients in the classical sense, other compounds such as phenols, mainly of plant origin, show a plethora of biological activities, including a strong antioxidant ability [38] [39] [40] . They have healthpromoting properties, which involve different and complex action mechanisms, often mediated by their antioxidant ability [38, 41] . In recent years, a greater emphasis has been placed on the link between oxidative stresses in human cells, the pathogenesis of diseases and their prevention by natural antioxidant-rich diets. Edible jellyfish tissues are known to possess high antioxidant activity [12, 30, 32, 35, 42, 43] . Additionally, some Mediterranean jellyfish contain endosymbiotic zooxanthellae producing phenols, proteins, and other antioxidant compounds [13] .
Jellyfish can belong to very different species, but they all share the common feature to have special stinging cells, the cnidocytes, each characterized by a subcellular organelle (the cnidocyst) containing species-specific toxins. Cnidarian venoms and toxins are heat labile at temperatures safe for treatments on humans after jellyfish stings, as demonstrated by the beneficial effects of local heat treatments in the most clinical studies [44, 45] . In addition, no allergic reaction was found in a preliminary trial with raw and boiled Catostylus tagi in seafood allergic individuals [46] . For this reason, thermal treatment can be a strategic choice for jellyfish processing able to overcome the toxicity issues related to such novel food raw material.
By increasing knowledge about raw material treatments and jellyfish as safe and healthy food, it is possible to foresee an increased use of jellyfish as food, with beneficial effects on coastal sea-based economies through releasing fishery, maritime tourism and other human activities from impacts of jellyfish blooms and, at the same time, providing a new source of income to fishermen.
To uncover the potential of Mediterranean jellyfish and their components for nutraceutical, nutricosmetic, and food uses, we investigated the protein and phenolic contents of different body parts (bell and oral arms) of three Mediterranean jellyfish, Aurelia coerulea, Cotylorhiza tuberculata and Rhizostoma pulmo, focusing on the observed changes following heat treatment as a viable first stage of the stabilization process.
A first screening of the functional properties of Mediterranean jellyfish compounds was also carried out by detecting changes in antioxidant activity induced by heat treatment as novel putative food processing step.
Materials and methods

Chemicals
All chemicals used were of analytical grade. Methanol, ethanol and acetic acid were purchased from Merck (Darmstadt, Germany); potassium persulfate (dipotassium peroxodisulfate), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were purchased from Hoffman-La Roche. 2,20-azinobis (3-ethylben-zothiazoline-6-sulfonic acid) diammonium salt (ABTS), gallic acid, Folin-Ciocalteu's phenol reagent (product F9252), were purchased from Sigma-Aldrich.
Jellyfish collection
Specimens of three scyphozoan jellyfish species, namely Aurelia coerulea von Lendenfeld 1884 (order Semaeostomeae) [47] , Cotylorhiza tuberculata, Macrì 1778, and Rhizostoma pulmo, Macrì 1778 (order Rhizostomeae), were collected along the Apulian coasts of Italy (Adriatic Sea, Ionian Sea) during 2012-2017 (Fig. 2) by means of a nylon landing net with 3.5 cm mesh size, from an open type motor boat, and stored in refrigerated seawater for a maximum of 2 h. Jellyfish were transported in refrigerated (5 ± 2 °C) seawater holding tanks, and treated in the lab within 2-3 h after collection. Biometric measures, i.e., bell diameter and total wet weight, were taken to the nearest mm and gram by a caliper and a weight scale. Immediately after measurement, 10-12 specimens of each species were frozen in liquid 1 3 nitrogen and freeze-dried for 4 days at − 55 °C in a chamber pressure of 0.110 mbar in a freeze dryer (Freezone 4.5L Dry System, Labconco Co. Thermo Scientific) to calculate the dry weight and total protein content (Table 1) . Other samples were kept as fresh material and immediately subjected to thermal treatment as described below.
Thermal treatment and biochemical analyses
To test the temperature effect, 5-7 specimens of comparable size for each species were subjected to thermal processing either as fresh whole jellyfish specimens (WB), or separately on their two main body components, i.e., the bellshaped umbrella (U), and the jellyfish mouth parts, also called manubrium and oral arms (OA) (Figs. 3, 4, 5) . Due to the different sizes of the diverse jellyfish species and individuals, homogeneous samples from larger sized jellyfish were obtained by sectioning specimens as shown in Fig. 5 . Each sample was heat-treated in PBS pH 7.4 (Phosphate Buffered Saline, 0.01 M Na 2 HPO 4 , 0.15 M NaCl, using Sodium Phosphate Monobasic NaH 2 PO 4 *H 2 O and dibasic Na 2 HPO 4 *7H 2 O), in a ratio 1:2 (w/v) at 100 °C for 10 min 2.54 ± 0.5 1.6 ± 0.9 2.27 ± 0.9 (HT100). The thermal treatment was performed using glass beaker containing the PBS, closed with aluminum foil and doubled Parafilm®, into a little bigger container full of bidistilled H 2 O, placed on a lab hot plate with magnetic stirrer. The bidistilled H 2 O was stirred to allow constant temperature. When the temperature reached 100 °C in both containers the JF sample was added. By many trials we have found that the temperature only lowered in the first minute to go back up to 99-100 °C for the rest of the time (10 min). In this way, the dispersion was made negligible. As control treatment (CT), an equivalent number of whole or divided jellyfish specimens in the same conditions as above were processed at 25 ± 1 °C. The same apparatus was placed in a growth room (3 × 2.5 meters) with controlled temperature and humidity by a three-phase electric panel (Plus1000THR, Pego, Pego srl, Occhiobello, Padova) with the temperature set at 25.0 °C. The experiment was performed when PBS temperature was stable at 25 °C ± 1 °C. A test experiment using water bath with distilled water was also performed.
Aside from the thermal-treatments, all samples were kept in an ice bath before analysis.
Soon after each sample treatment, the PBS medium was separated from the jellyfish specimens, the volumes were measured and the possible content of soluble proteins, total phenols and antioxidant activity were evaluated in the PBS bath. Whole jellyfish (WB), umbrella (U) and oral arms (OA) were drained and separately homogenized by Polytron Homogenizer (Kinematica GmbH, Switzerland) using 7 pulses of 30 s each. Jellyfish homogenates were centrifuged at 2800×g for 25 min at 4 °C in a Allegra ® X-15R centrifuge (Beckman Coulter, Indianapolis, US). Both the supernatants and pellets were evaluated for protein and phenolic contents, and for the antioxidant activity in each sample. After the volume evaluation (Table S1 ), the biochemical assays were performed on aliquots collected before and after the centrifugation. Supernatants were assayed directly or after dilution if necessary, the pellets were diluted again in PBS and further homogenized, on ice, by a Thomas tissue grinder consisting of piston-type Teflon ® pestle with stainless steel shaft and grinding vessel of borosilicate glass. Volumes and dilutions were accurately annotated to correctly measure the protein and phenol concentration. 
Protein concentration
Protein content was estimated by Bradford assay [48] using bovine serum albumin (BSA) as standard.
Phenolic content
The total content of phenols was determined by a modified Folin-Ciocalteau colorimetric method [49] . Samples (100 µL) were mixed with 500 µL of Folin-Ciocalteu's phenol reagent and with 500 µL of 7.5% (w/v) sodium carbonate (Na 2 CO 3 ). After 2 h, at room temperature in the dark, the absorbance was spectrophotometrically measured at 760 nm. Gallic acid diluted in PBS, ranging from 25 to 200 µg/mL, was used as standard. The results were expressed as gallic acid equivalents (GAE) per gram of sample.
In vitro antioxidant activity
The total antioxidant activity was determined spectrophotometrically using the Trolox Equivalent Antioxidant Capacity (TEAC) method, as described in [13] , using the radical cation ABTS
•+ . This assay measures the relative ability of antioxidant to scavenge the ABTS generated in aqueous phase, as compared with a Trolox (water soluble vitamin E analogue) standard. Ten microliters of each jellyfish homogenate were essayed into 1 mL of the reaction mixture. Same volumes of PBS were used as control. A Trolox calibration curve in a range of 2.5-20 µM was prepared and the antioxidant content of the samples was calculated as decrease in absorbance at 734 nm after a fixed time period of 6 min. Results were expressed as nmol of Trolox equivalents per gram of sample or per mg of contained proteins or phenols.
Statistical analysis
Randomization of t test by bootstrapping procedure was used to evidence significant differences in the amount of (a) protein contents; (b) phenol contents, and (c) antioxidant activity between the two temperature treatments (25 °C and 100 °C). Moreover, randomization of t-test was chosen to cope with possible problem of non-normality and heteroscedasticity of data. The test was repeated for all the three jellyfish species, and the comparison were made both in the whole jellyfish tissue, and in the separated body parts (umbrella and oral arms). Statistical analysis was conducted with the software R (R Core Team 2017) [50] , using the package "boot" [51, 52] . 5 Scheme of jellyfish samples. Small size jellyfish specimens were processed either as whole organisms or umbrella and oral arms, with these two body parts separated and processed without further sectioning. Large size jellyfish were considered as homogeneous specimens taken as longitudinal sections (quarters or multiple of quarters) of the whole jellyfish (including umbrella + oral arms) or as sections (quarters or multiple of quarters) of umbrellas or sections of oral arms only
Results and discussion
Heat treatment
To evaluate the effect of a thermal-based stabilization step for the potential exploitation of three Mediterranean jellyfish species as human food resource, jellyfish were processed as fresh material and subjected to HT100 (100 °C for 10 min) in PBS pH 7.4. Boiled jellyfish showed a timedependent body shrinkage and a reduction of their aqueous volume confirming the dehydration effect of heat treatment on proteinaceous food components. In our experiments, HT100 in both distilled water and PBS, induced a timedependent biomass volume reduction with a weight loss up to 18% (± 1%) of the initial fresh weight (Figs. 3c, 4c) . No swelling was detected in control samples treated at 25 °C for 10 min (Figs. 3b, 4b) . For all samples the data were referred to the respective initial fresh weight.
Effect of heat treatment on protein content
Biometric data, including bell diameter and fresh and dry weight, and total protein content of the investigated populations of the jellyfish Aurelia coerulea, Cotylorhiza tuberculata, and Rhizostoma pulmo are shown in Table 1 .
The protein content of the whole jellyfish (WB), the umbrella (U) and oral arms (OA) were evaluated for the three jellyfish species (Fig. 6A-A 1 , B-B1 and C-C 1 ) exposed to the thermal treatment (HT100), which is denaturing temperature for protein, including marine collagen [21, 53] .
Despite its reduced sensitivity for collagen protein, the classical Bradford assay method was used to allow a better comparison between differently treated and not treated samples. Overall, A. coerulea and R. pulmo showed a comparable protein content while a lower protein content was assessed in C. tuberculata (Table 1) . Previous experiments using lyophilized jellyfish showed the release of proteinaceous compounds in the PBS medium [12, 13] . Similarly, using fresh jellyfish we observed leakage of soluble proteins in the PBS medium after HT100 or control treatment at 25 °C. The homogenates, HT100-treated or control jellyfish samples, separated by centrifugation in Soluble Fraction (supernatant) and Insoluble Fraction (pellet) were analyzed for protein content. The release of proteinaceous compounds in PBS by WB A. coerulea specimens seems independent from the temperature, because no significant differences in the content of soluble and insoluble protein were observed between control and HT100 treatments (Fig. 6A 1 ) . The protein content of the jellyfish body parts after the heat treatments were also separately analyzed (Fig. 6A 2 -A 3 ) . Following HT100 of the A. coerulea umbrella, the content of soluble and insoluble protein in the homogenates were significantly higher (p = 0.012, and p = 0.013, respectively) than in control specimens. Conversely, HT100 of A. coerulea oral arms as compared to controls resulted in a significant decrease of the soluble and insoluble protein contents (p = 0.01 and p = 0.02, respectively). In parallel, the amount of proteins released from HT100-exposed oral arms slightly increased in the HT100 medium (p = 0.04). Such opposite effects of HT100 on jellyfish U and OA parts may depend on their different internal anatomies and tissue composition, with the solid U containing a thick extracellular matrix (mesoglea) mainly composed of fibrillar protein (i.e., collagen) whereas the protein content of the delicate OA may be largely referable to the epithelial cell layers and a thinner mesoglea. Overall, when WB homogenates of the whole jellyfish were analysed, the opposite effect of HT100 on the two body parts was not detectable anymore. However, due to the prominent biomass of the A. coerulea U part compared to the OA, the potential exploitation of this species could be envisaged on the jellyfish as a whole.
HT100 significantly affected the protein content in the jellyfish C. tuberculata, known to establish a successful endosymbiotic association with photosynthetic dinoflagellates (zooxanthellae). A significant decrease of protein content in soluble (p = 0.02) and insoluble (p = 0.01) fractions of the WB (whole jellyfish) was detected (Fig. 6B 1 ) , although no significant differences were detected in the proteinaceous compounds released in the medium. The slight increase (p = 0.01) of protein released in the aqueous medium at HT100 was mainly due to the OA than to the U body part (Fig. 6B 2 -B 3 ) . Most likely the proteinaceous material belongs to the thermal-sensitive zooxanthellae endosymbionts, which leaked from the OA jellyfish endodermal tissue during HT100. Both soluble and insoluble proteins from the U part, and soluble proteins from OA, decreased significantly (p = 0.04, p = 0.01, and p = 0.01, respectively) in the HT100 specimens, while a slight but significant (p = 0.01) increase of insoluble proteins in the HT100 OA, as compared to controls. This was likely due to a denaturation and precipitation in insoluble form of the main protein components of C. tuberculata OA.
Differently from the other two species, WB specimens of R. pulmo apparently do not release any proteinaceous compounds in the aqueous medium at both control and HT100 treatments; also, a very low but significant reduction (p = 0.012) of soluble proteins was detected after the HT100 (Fig. 6C 1 ) . When the body parts were separately processed, marked differences were evident among samples derived from U and OA body parts (Fig. 6C 2 -1C 3 ) . A slight but significant decrease of protein content in the soluble (p = 0.02) and insoluble (p = 0.04) fractions of U was detected. Conversely, a significant increase of proteinaceous concentration in the soluble (p = 0.02) and insoluble (p = 0.01) fractions of the OA was observed. In parallel, a weak protein release in the medium was detected after HT100 OA specimens, maybe as result of large production of released mucus (mucopolysaccharides linked to proteins), abundantly produced by this species. The opposite effect of the HT100 on protein contents of U and OA jellyfish parts was not detectable when the whole jellyfish was treated, also because in R. pulmo OA have a substantial biomass comparable to that of the large white umbrella. To our knowledge, these results represent the first available information on the effect of heat treatment on the protein content of fresh jellyfish material. Previous data were obtained only from salted and dehydrated commercial jellyfish stripes, whose texture appeared to be better conserved by heat treatment at 80 °C for 10 min [54, 55] .
Effect of heat treatment on phenolic content
The Folin-Ciocalteu assay is an analytical method used to determine the content of total phenolic compounds validated for many complex extracts and the obtained value is directly comparable and informative among various samples. The Folin-Ciocalteu reagent is a specific redox reagent able to react with the available hydroxyl groups present on the aromatic ring of the phenolic compounds to form a blue complex that can be quantified by visible-light spectrophotometry. This assay is mainly used for plant extracts notoriously rich in simple and complex phenolic compounds and is here used to quantify the possible presence of phenolic molecules with potential antioxidant activity. Phenolic compounds were found in fresh samples of all the three Mediterranean jellyfish, confirming our previous results related to phenols found in hydro-alcoholic extracts [13] and in lyophilized samples [12] . At our knowledge, there is no previous available information about phenols in fresh samples of jellyfish. Therefore, the nature and origin of phenols in the three jellyfish species are currently under investigation in our laboratory. Here we report on changes of content of phenolic compounds induced by heat treatment. As for protein, the determination of total phenols of the three jellyfish species following HT100 and control treatments shows the presence of an overall higher phenolic content in A. coerulea and R. pulmo compared to C. tuberculata (Fig. 7) . Phenolic compounds in the whole A. coerulea are released in the medium in comparable amounts at both control and HT100 treatments (Fig. 7A 1 ) . Heating of WB A. coerulea caused only a significant declining of total phenols found in the soluble fraction (p = 0.01), while no significant differences between the insoluble fractions treated at the two temperatures were found. A similar trend was detectable for the soluble fractions when umbrella (U) and oral arms (OA) were treated separately (Fig. 7A 2 -A 3 ) . Compared to the control treatment, HT100 induced slight changes of total phenolic content (p = 0.01) in the insoluble fractions from U and from OA, in which phenols increased or decreased, respectively. HT100 of OA also caused a significantly reduced (p = 0.01) phenolic content detected in the aqueous medium compared to control treatment (Fig. 7A 3 ) .
Following control and HT100 treatments of the WB C. tuberculata jellyfish or the U part, the phenolic content in the medium remained unaltered (Fig. 7B 1 , B 2 ) . A higher content of phenolic compounds in OA as compared to U was assessed. Indeed, the thermal processing of the isolated OA (Fig. 7B 2 -B) resulted in the release of phenolic compounds in the medium, mainly from the OA that significantly increased at HT100 as compared to control treatment (p = 0.001). As for the protein, this was likely related to the abundant release of symbiotic dinoflagellates from the cut edge of OA and the leakage of their phenolic compounds in the medium. In the WB (whole jellyfish) and OA homogenates following HT100 (Fig. 7B 1 , B 3 ) the amount of phenols in the soluble fractions significantly decreased (p = 0.002 and p = 0.001, respectively), but increased in the insoluble fractions (p = 0.001 and p = 0.009, respectively).
Again, a different behavior related to the HT100 treatment on phenolic content was detected for R. pulmo samples (Fig. 7C 1 -C 3 ) . Compared to control, HT100 treatment of the WB samples caused a significant increase (p = 0.0009) of the phenolic content in the medium, a decrease in the WB soluble fraction (p = 0.003), and no change in the phenolic content of the insoluble fraction. (Fig. 7C 1 ) . The same trend of increased phenols in the medium was found when the U (p = 0.0007) and OA (p = 0.002) body parts were exposed to HT100 (Fig. 7C 2 -C 3 ) . In both soluble and insoluble fractions from HT100 U samples the phenolic content decreased (p = 0.002), whereas it increased significantly in soluble (p = 0.0008) and insoluble (p = 0.003) fractions from HT100 OA samples (Fig. 7C 1 ) . As previously suggested [12] , interspecific differences of stiffness and consistency of jellyfish mesoglea may depend on polyphenolic concentration, which may regulate the biophysical properties of collagen-rich layers, such as the jellyfish mesoglea, by influencing the crosslink structure of collagen fibers [56, 57] . Our results suggest the HT100 treatment can affect the jellyfish structural proteins such as collagen, modifying their solubility and ability to interact with phenolic compounds. The high amount of collagen [12] and maybe other contractile proteins, related to striated and smooth muscular cells [58, 59] , are likely responsible of the different sensitivities of the U and OA body parts to the HT100 thermal treatment.
Effect of heat treatment on antioxidant activity
Antioxidant activity (AA) represents a measure of the nutritional functionality of foods, linked to their underlying potential benefits on health. The relationship between dietary antioxidants and the prevention of diseases related to oxidative stress, cancer prevention, and aging are known, as well as it is known that the bioactivity could be mainly affected by temperature [45, 60, 61] . The measure of the total antioxidant potential, although it is a not specific activity, represent a relevant screening tool for investigating the relationship between dietary antioxidants and their potential in food quality and functionality. Among the various analytical methods developed for measuring the total antioxidant capacity of food and beverages, the TEAC assay [13] , based on the ABTS cation radical (ABTS•+) scavenging ability, was used here since it is one of the more effective in aqueous solution.
Thus, we investigated the effect of the HT100 thermal treatment on the AA of soluble and insoluble fractions of the three jellyfish species as whole organisms or body parts. The jellyfish AA was measured in the same samples considered for protein and phenols content, i.e., whole jellyfish (WB) as well as jellyfish body parts separated as umbrella (U) and oral arms (OA) of A. coerulea (Fig. 8) , C. tuberculata (Fig. 9) , and R. pulmo (Fig. 10) , exposed to HT100 compared to control treatment at 25 °C. The chemical nature of the possible antioxidant compounds is still unknown; therefore, for best comparison, the AA was expressed as nmol of Trolox Equivalents per grams of fresh sample (Figs. 8a,  9a, 10a) , or per grams of proteins (Figs. 8b, 9b, 10b ) or per phenolic content (GAE) (Figs. 8c, 9c, 10c) .
Overall, AA was detectable in almost all samples (HT100-treated and non-treated controls) of the three jellyfish species (Figs. 8, 9 , 10). The highest AA resulted in fresh samples of Rhizostoma pulmo, with R. pulmo ≥ C. tuberculata > > A. coerulea, confirming our previous data obtained from lyophilized samples [12] . HT100 differently affected the AA detected in the diverse jellyfish species, as well as in the different anatomical parts and the different fractions. The AA was higher in OA as compared to the U samples. Although AA was affected by HT100 in some way, generally it never completely lost.
Compared to controls, HT100 treatment on the WB (whole jellyfish) specimens of A. coerulea caused a significant decrease of AA in both soluble and insoluble fractions and in the PBS medium (Fig. 8A 1 , B 1 , C 1 ) . The greatest AA was detectable in soluble and insoluble fractions of OA (Fig. 8A 3 , B 3 , C 3 ) , which, however, represent a minor component of A. coerulea biomass. The release in the medium of antioxidant compounds from the U and OA samples was also detectable, with OA > U. HT100 affected the antioxidant capacity of compounds mainly occurring in the insoluble fraction of both U and OA samples. Likely, both protein and phenols contributed to the recorded AA (Fig. 8b, c) .
Also, the jellyfish C. tuberculata, either as WB and isolated U and OA samples, released antioxidant compounds 1 3 in the medium in both control and HT100 treatments. Compared to controls, HT100 of WB specimens did apparently not induce changes in the detectable AA in the medium; conversely, HT100 of U samples induced a significant increase (p = 0.002) of AA in medium, while HT100 of OA caused a AA decrease (p = 0.0008) in the medium. As previously noted, proteins were the main compounds detected in the medium of WB and U samples of C. tuberculata (Fig. 6) , while high content of phenols can be found in the medium of OA samples (Fig. 7) . Thus, we can infer the observed AA can be attributed to both classes of compounds. This is also confirmed considering the AA referred to protein and to phenolic content showed in Fig. 9B 1-3 and C 1-3 . The HT100 treatment significantly reduced the AA in the soluble fraction of WB jellyfish (p = 0.0006) as well as in the separated U samples (p = 0.002) (Fig. 9A 1-2 ) while no change was detected in soluble fraction of OA samples (Fig. 9A 3 ) . The AA detected in insoluble fraction of C. tuberculata seemed to be poorly affected by the HT100 treatment (Fig. 9A 1 ) while a significant increase of AA (referred to total weight) appeared in the insoluble fraction from the isolated U (p = 0.001) and OA samples (p = 0.002) (Fig. 9A 2-3 ). Data of antioxidant activity referred to proteins or phenolic content (Fig. 9B 1 , C 1 ) show significant differences, likely reflecting differences in the content of antioxidant proteinaceous or phenolic compounds, respectively. Overall, data from C. tuberculata samples indicated that the HT100 negatively affects AA in WB jellyfish and U fractions, increased AA in the OA fractions, as a result of their diverse content of protein, phenols or other antioxidant compounds. Data expressed in reference to total weight as well as to protein and phenolic contents were similar (Fig. 9A 2-3 , B 2-3 , C 2-3 ). It can be hypothesized that this effect can be due to (1) thermal-induced structural changes making the proteinaceous or not-proteinaceous antioxidant compounds more available, and (2) to the denaturation of carotenoid-protein complexes with the release of antioxidants, such as peridinin [13] .
Differently of the other two jellyfish species, but consistently with results gathered from analysis of protein content, in R. pulmo no release of antioxidant compounds was detectable in the aqueous medium (PBS) from both control and HT100 treatments of WB jellyfish samples (Fig. 10) . This result indirectly identifies protein as the main antioxidant compound in R. pulmo. Remarkably, the HT100 treatment did not significantly affect the AA detected in soluble and insoluble fractions from the WB (Fig. 10A 1 , B 1 , C 1 ) . When U and OA samples were treated separately, the AA detected in the medium increased by control and HT100 treatments of U samples, with a significant increase in HT100-treated U samples (p = 0.02), or by the HT100 treatment of OA samples (p = 0.014). This effect was likely due to leakage of antioxidant compounds, mainly of phenolic nature, from the tissues (Fig. 10A 2-3 , B 2-3 , C 2-3 ). Antioxidant activity in the soluble fraction of HT100-treated U samples, significantly decreased (p = 0.01), but increased (p = 0.026) in HT100-treated OA samples. In the insoluble fractions, AA was not affected by HT100 in U samples while increased (p = 0.015) in OA (Fig. 10A 2-3 ) . The detected pattern of changes in AA values parallels the pattern of modification of protein and phenolic content. This suggests that both types of compounds can be responsible of AA. In particular, considering the AA values referred to protein or phenolic content, they seem related to protein rather phenolic compounds, although these latter are very abundant in R. pulmo. Overall, the HT100 of R. pulmo, as WB samples, does not negatively affect the jellyfish antioxidant properties. Instead, the HT100 treatment of R. pulmo OA samples induced a significant and surprising increase of AA, a result strikingly different from the other two investigated jellyfish species, which should be taken in consideration in the potential food processing design.
Overall, a strong relationship between the presence of high amounts of phenolic compounds and high AA was identified. It is likely that additional compounds, such as carotenoids produced by symbiotic dinoflagellates or other molecules of still unknown structure, can contribute to the measured AA.
Our data confirm previous reports on the antioxidant activity of jellyfish [32] [33] [34] [35] 62] . In addition, Yu et al. [43] reported radical scavenging activity in protein fractions of tentacles of Rhopilema esculentum, with higher AA activity at increased temperature in the range of 20-80 °C.
Proteins isolated from both Asiatic or Mediterranean jellyfish have a strong radical scavenging activity and reducing power [12, 35, 42, [63] [64] [65] . CcTrx1, a member of the evolutionary conserved family of thioredoxin Trx proteins, with roles in the protection against oxidative stress and cell redox regulation, was identified found to be constitutively expressed in all tested body parts, including umbrella and oral arms, of the Atlantic jellyfish Cyanea capillata [66] . Likely such antioxidant proteins may work as endogenous mechanisms for reactive oxygen species (ROS) removal and maintain the intracellular environment in a reduced state. Marine organisms are continuously exposed to biotic and abiotic stressors, including global climate change, which may result in an overproduction of ROS and sub-lethal impacts on growth and reproduction [67] . In this framework, beyond the nutritional potential of jellyfish biomasses, radical scavenging proteins in jellyfish tissues could represent natural antioxidant resources, with potential nutraceutical value. Those natural antioxidants constitute a broad range of compounds including phenolic compounds, nitrogen-containing compounds and carotenoids. Eventually, the occurrence of phenolic compounds in jellyfish, as well as symbiotic association with photosynthetic dinoflagellates, increase the diversity of molecular mechanisms of antioxidant activity in jellyfish tissues, and highlight the potential for further added value in jellyfish biomass exploitation.
The radical scavenging activity of jellyfish compounds may represent the underlying mechanism assigning curative properties to jellyfish ingredients for bronchitis, tracheitis, gastric ulcer, and asthmas as reported by the Chinese food therapy [26] . Future studies on the specific antioxidant mechanisms could clarify specific causal relationship.
Conclusions
This work introduces a simple and proven method to process jellyfish that loom as a new biomass potentially useful as human food in European Countries. One of the main issues that prevents the jellyfish exploitation as food in western countries is the absence of a safe and quick processing method able to assure stabilization and good quality of the final product.
In this work, we reported for the first time the effect of a thermal treatment on jellyfish biomass as possible first processing step, targeting to the use of jellyfish either as food or food ingredient. Here it is shown that the hightemperature treatment (HT100: 100 °C, 10 min) induces changes in the protein and phenolic content in the biomass of three of the most common and potentially edible Mediterranean jellyfish species, and this process is compatible with a mild food processing. The HT100 treatment does not reduce and, in some cases, it may even increase the radical scavenging properties of edible or potentially edible jellyfish. Further investigations are needed to clarify the molecular basis of the radical scavenging activity of jellyfish tissues, however that property labeling them as a new, largely available and sustainable functional novel food. The differences observed among the three Mediterranean jellyfish indicate that a thermal treatment is particularly suitable for the processing of the species R. pulmo, since its exposure to thermal treatment at 100 °C leads to stabilization of jellyfish protein content and to an increased antioxidant activity. This confirms the intuition of S. Macrì, the first zoologist who first described this species in 1778 [68] . Finally, the reduction of the biomass volume, together with a first microbiological stabilization, make the thermal treatment as a possible first step towards a new, "Western style" jellyfish food processing.
This minimal processing could be the base of knowledge for diverse stakeholders, such as fishery operators, food industry, and consumers that ultimately would lead to develop a new marketable product.
